Results
The modulation of neurotransmitter release from superfused synaptosomes allows unambiguous definition of a modulatory system being presynaptic. Using this approach, we confirmed (see Rodrigues et al., 2005) that the P2XR agonist, , -methylene ATP (60 M), enhanced glutamate release by 35.2 ± 6.0% (n = 6) from hippocampal nerve terminals. This effect was prevented by the P2R antagonist PPADS (20 M) (Fig. 1) .
Electrophysiological recordings in rat hippocampal slices had shown previously that nAChRs also facilitated glutamatergic transmission, an effect ascribed to presynaptic receptors (e.g., McGehee et al., 1995) . Accordingly, we have now observed that the nAChR agonist epibatidine (100 nM) facilitated glutamate release by 27.2 ± 5.3% (n = 6) from rat hippocampal nerve terminals (Fig. 1) . This effect was prevented by the nAChR antagonist, d-tubocurarine (1 M) (Fig. 1 ). This unambiguously shows that nAChRs presynaptically facilitate the evoked release of glutamate in the hippocampus.
Because it was observed in heterologous expression systems that nAChRs and P2XRs interacted tightly (Khakh et al., 2000) and that there was a cross-antagonistic interaction between these two receptors in the control of transmitter release in peripheral preparations (Allgaier et al., 1995; Salgado et al., 2000) , we explored if there was also a crossantagonism between these two receptors in the control of hippocampal glutamate release. As illustrated in Fig. 1 , 1 M d-tubocurarine prevented the facilitatory effect of 60 M , -methylene ATP (n = 6). Conversely, the facilitatory effect of 100 nM epibatidine was attenuated by near 50% by 20 M PPADS. This shows a cross-antagonistic interaction between nAChRs and P2XRs in the control of glutamate release from hippocampal nerve terminals.
One of the effects ascribed to nAChRs and P2XRs in the control of hippocampal circuits is their ability to facilitate long-term potentiation (LTP) in Schaffer fiber/CA1 pyramid synapses (e.g., Fujii et al., 2000; Almeida et al., 2003) . Because we found that nAChR antagonists were more effective in preventing P2XR-mediated facilitation of glutamate release than P2XR antagonists in preventing the nAChR response, we tested if P2XR-mediated facilitation of LTP was prevented by d-tubocurarine. As shown in Fig. 2A , 20 M , -imido ATP facilitated LTP by 158 ± 21% (n = 4). However, in the presence of 1 M d-tubocurarine, 20 M , -imido ATP (n = 4) failed to facilitate LTP. This indicates that the cross-antagonism between nAChRs and P2XRs might have physiological relevance, namely in the control of synaptic plasticity phenomena in hippocampal circuits.
Discussion
The present results show that nAChRs and P2XRs are both located in glutamatergic terminals, where they interact tightly to control glutamate release. This interaction is best exemplified by the ability of the antagonist of one receptor to prevent the effect resulting from the activation of the other. This provides the first indication in a native brain preparation of a tight interaction between these two ionotropic receptors, which had already been shown to occur in heterologous expression systems (Khakh et al., 2000) and peripheral preparations (Allgaier et al., 1995; Salgado et al., 2000) . The most parsimonious explanation to interpret this cross-antagonism would be the formation of dimers or a hybrid receptor containing both nAChR and P2X subunits. In Fig. 1 . Interaction between P2XRs and nAChRs in the control of glutamate release from hippocampal synaptosomes. Nerve terminals, prepared using a combined sucrose/Percoll centrifugation protocol, were loaded with glutamate, washed, layered over Whatman GF/C filters, and superfused (0.8 mL/min) for 20 min before starting sample collection. The synaptosomes were stimulated with 20 mM K + at 3 and 9 min after starting sample collection (S 1 and S 2 ), triggering a Ca 2+ -dependent release of tritium mostly constituted by [ 3 H]glutamate. Agonists were added 2 min before S 2 onward, and their effect was quantified by the modification of S 2 /S 1 ratio vs control (i.e., absence of agonist); antagonists were added from 10 min before starting sample collection onward, and none of the tested antagonists modified the S 2 /S 1 ratio. Radioactivity was expressed in Bq per milligram of protein (see Rodrigues et al., 2005) .
accordance with these ideas, it has been shown previously that P2XRs interact directly with another ionotropic receptor, the GABA A receptor (e.g., BoueGrabot et al., 2003) .
The functional relevance of this interaction is still not understood. One possibility would be that this dimer might act as a coincident detector to burst the probability of release of particular hippocampal glutamatergic synapses. The underlying hypothesis would be that neither P2XRs nor nAChRs per se would be able to place glutamatergic synapses in an "on" state, which could only be achieved by the simultaneous activation of the two receptors. However, data obtained by our group and others favor an alternative working hypothesis: An established role of nAChRs in hippocampal circuits is to allow engaging synaptic plasticity phenomena with lower firing frequencies (e.g., Fujii et al., 2000) . But it would be desirable to shut down this nAChR-mediated facilitatory effect on increasing firing frequencies to prevent excessive calcium inflow into terminals. Because it was found in functional studies of P2XR/nAChR interactions that their coactivation caused less than additive mutually occlusive responses (Barajas-Lopez et al., 1998; Searl et al., 1998; Zhou and Galligan, 1998; Salgado et al., 2000; Khakh et al., 2000) , the coactivation of both receptors actually offsets the nicotinic response. Notably, we found that ATP release from nerve terminals follows a pattern different from classical neurotransmitters, namely that ATP release mainly occurs with intensities of nerve stimulation higher than those required to trigger the release of ACh (Almeida, Rodrigues, and Cunha, unpublished observations) . Altogether, these observations raise the hypothesis that the P2XR/nAChR device would be well suited to allow nAChRs to function at moderate firing frequencies (where ATP release is low) and to blunt nicotinic responses at higher frequencies (where ATP release is disproportionately higher). Obviously, further experimental work is required to tackle the physiological relevance of this presynaptic interaction between nAChRs and P2XRs in glutamatergic terminals of the hippocampus. . Two separate sets of Schaffer pathways were stimulated alternatively (rectangular pulses of 0.1 ms) every 20 s (basal frequency). Evoked field excitatory postsynaptic potentials (fEPSPs) were recorded in the CA1 stratum radiatum and quantified as their initial slope. LTP was induced by a -burst stimulation (three trains of 100 Hz, each with four stimuli, separated by 200 ms) and quantified as the percentage change in the fEPSPs taken from 50-60 min vs the 10 min that preceded the induction protocol. LTP was always induced in one pathway in control conditions, and in the other pathway in the presence of the tested drug (see Almeida et al., 2003) .
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